This contribution qualitatively and quantitatively analyses vertebral microanatomical features based on virtual sections of numerous amniote dorsal vertebrae obtained from conventional and synchrotron X-ray microtomographic investigations. It demonstrates the great diversity of amniote vertebral microanatomy and highlights that it reflects structural, phylogenetic and ecological signals. Various microanatomical parameters appear to be strongly correlated with overall body size, which seems to be the principal structural constraint. A phylogenetic signal was detected but appears rather low. This study also reveals the peculiarity of squamates among amniotes, and notably of squamate fossorial taxa that show clearly distinct trends from those of the other fossorial amniotes, probably as they essentially use movements of the vertebral column rather than the legs to dig. Analyses based on habitat reveal several trends and two main tendencies concerning the tightness of the spongiosa (squamates excluded): a low number of relatively thick trabeculae in arboreal, flying and fossorial taxa, versus a high number of relatively thin trabeculae in aquatic forms. It also suggests that comparisons based on functional requirements, rather than habitat, would be more relevant.
INTRODUCTION
Bone is a living structure and as such it records information about the biology and ecology of an organism. According to the constructional morphology model of Seilacher (Seilacher, 1970; Gould, 2002; Cubo, 2004) , biological features are considered as the outcome of phylogenetic, adaptative, and architectural constraints, referred to as historical, functional and structural constraints by Gould (2002) . This is also the case for bone microanatomical features, i.e. bone internal organization.
It appears of particular interest to analyse these various constraints in several different bones under different functional constraints. These signals have previously been investigated to some degree in amniote long bones (e.g. Germain & Laurin, 2005; Kriloff et al., 2008; Quemeneur, de Buffrénil & Laurin, 2013) but also, more recently, in vertebrae of mammals to analyse differences linked with the secondary adaptation to an aquatic life (Dumont et al., 2013) , and in squamates (Houssaye et al., 2010; 2013) . The present contribution proposes to investigate the diversity in vertebral microanatomy among amniotes in general and notably to test if significant differences are observable depending on ecology, taking into consideration the presence of a potential phylogenetic signal in the data. We predict that the vertebrae of fossorial taxa will show a higher compactness than those of terrestrial and arboreal taxa, whereas flying taxa will be much lighter. We also predict different microanatomical specializations in semi-aquatic and aquatic taxa, depending on their functional requirements.
MATERIAL AND METHODS
The material consists of mid-dorsal vertebrae of 72 amniote species (see Table 1 ). These vertebrae, located above the lungs, were chosen to analyse the biological and ecological adaptations of the thorax, from a bone microanatomical perspective. The taxa were sampled to encompass the diversity of amniotes from both phylogenetic (see Fig. 1 ) and ecological perspectives. Both longitudinal (in the mid-sagittal plane) and transverse (in the neutral transverse plane; see de Buffrénil et al., 2008) thin sections were analysed for the present study.
All new sections were obtained from microtomographic investigations, allowing a non-destructive imaging of the three-dimensional outer and inner structure of the samples. Both conventional and synchrotron X-ray microtomography were used: (1) highresolution computed tomography (Gephoenix|X-ray v|tome|xs 180 and 240; reconstructions performed using datox/res software) at the Steinmann-Institut, University of Bonn (Germany) and (2) third-generation synchrotron microtomography (Tafforeau et al., 2006) at the European Synchrotron Radiation Facility (ESRF, Grenoble, France) at the ID17 and ID19 beam lines (reconstruction performed using filtered backprojection algorithm with the ESRF PyHST software). It has previously been observed that these distinct techniques do not imply artefacts and do not bias interpretation of the results for comparative analyses (A.H., pers. observ.; M. Dumont; pers. comm.) . Image segmentation and visualization were performed using VGStudioMax 2.0 and 2.1 (Volume Graphics). Some additional sections, either histological thin sections or virtual thin sections, come from previous studies (Houssaye et al., 2010 Hayashi et al., 2013) .
QUANTITATIVE ANALYSES
Measurements were taken directly on the sections using, except for 'centrum length' (CL), ImageJ (Abramoff, Magelhaes & Ram, 2004) and an in-house developed software routine ('LineTrab', available from the corresponding author upon request). The measurements taken were: (a) the length of the centrum between the condylar and cotylar rims (CL), which is used as an indicator of specimen size; (b) the global compactness of the centrum in longitudinal section (Cls), calculated as the total area of the centrum minus the area occupied by cavities multiplied by 100 and divided by the total area of the centrum; (c) the global compactness in transverse section (Cts), calculated as the total sectional area minus the area occupied by cavities and the neural canal multiplied by 100 and divided by the total area minus the area occupied by the neural canal; (d) the centrum compactness in transverse section (CtsC), calculated as the total sectional area minus the area occupied by cavities multiplied by 100 and divided by the total area, in an area defined as the transverse sectional area below a horizontal line located at the base of the neural canal; (e) the total number of cavities in longitudinal section (TNCL); (f) the total number of cavities in transverse section (TNCT); (g) the area occupied by the neural canal (SNC), calculated as the area occupied by the neural canal multiplied by 100 and divided by the total sectional area; (h) the number of trabeculae in the centrum longitudinal section (NTCL), calculated as an average value based on three dorso-ventral cuts made along the centrum at about the neutral transverse plane (NTP) and at two planes equidistant from the NTP, the anterior one being at about one-quarter of the centrum length; (i) the absolute mean cortical thickness in transverse section (AMCT), calculated as the average of ten measurements of the thickness of the peripheral layer of periosteal bone taken rather regularly along the centrum; (j) the relative mean cortical thickness in transverse section (RMCT), calculated as AMCT multiplied by 100 and divided by the centrum height; (k) the mean thickness of the bone layer surrounding the neural canal (MTNCP) in transverse section, calculated as the average of ten measurements of the thickness of this layer taken rather regularly over 360°.
It was decided not to define the lines where the values for the indices i and k were calculated along perfect regular intervals (e.g. every 36°for MTNCP), as this would be biased, notably because of the complex geometry of the vertebrae and the unwanted inclusion of trabeculae connected to the layers of interest.
(l) The absolute mean trabecular thickness (AMTT), calculated as the thickness of bone divided by the number of trabeculae, taken on the same three cuts as NTCL; (m) the relative mean trabecular thickness (RMTT), calculated as the thickness of bone divided by the length of the cut, multiplied by 100 and divided by the number of trabeculae, taken on the same three cuts as NTCL.
AMTT and RMTT correspond to the mean values obtained from the three cuts. The scan resolutions depend on both the size of the bone and the device used. X, classical thin sections. Ab., abbreviation. Aq, aquatic; Arb, arboreal; Fly, flying; Fos, fossorial; SA, semi-aquatic; Ter, terrestrial and generalist. Figure 1 . Consensus phylogenetic tree (essentially from Motokawa, 2004; Livezey & Zusi, 2007; Lee, 2009; Kan et al., 2010; Meredith et al., 2011; Yu et al., 2011; Hedges, 2012; Wiens et al., 2012; Lee, 2013; Yang et al., 2013) .
All data were log10-transformed prior to analyses (except SNC for which √SNC was used) to meet assumptions of normality and homoscedasticity required for parametric analyses. Only NTCL could not be transformed to meet these assumptions. Parametric analyses are considered robust enough for this parameter to remain of interest, although the results should be interpreted with caution.
The amount of phylogenetic signal was investigated for the different parameters analysed. Statistical tests were performed using a consensus phylogeny derived from several published phylogenies (Motokawa, 2004; Livezey & Zusi, 2007; Lee, 2009 Lee, , 2013 Kan et al., 2010; Meredith et al., 2011; Yu et al., 2011; Hedges, 2012; Wiens et al., 2012; Yang et al., 2013;  Fig. 1 ). We calculated the K-statistic following Blomberg, Garland & Ives (2003) , which compares the observed phylogenetic signal in a trait with the signal under a Brownian motion model of trait evolution. A K-value lower than 1 implies less similarity between relatives than expected under Brownian motion. We also performed randomization tests and random tree generation tests following Germain & Laurin (2005) to test the phylogenetic signal of each parameter. Analyses were first performed independently based on all data available for each parameter, and then on the taxon data available for all parameters. Species means were used when several specimens were available for the same species.
We tested the influence of size (using CL as our estimate of size) on the various microanatomical parameters using linear regression analyses. As a phylogenetic signal was generally detected, we calculated independent contrasts and forced regressions through the origin. We also analysed the correlation between Cts and CtsC to test if the compactness of the centrum was a good estimate of the compactness of the whole section. All these analyses were performed using the statistic software R (R Development Core Team, Vienna, Austria).
A principal component analysis (PCA), also using the statistical software R, was conducted on the dataset for which all variables are available to explore the distribution of the different taxa in morphospace.
To test the impact of habitat on the vertebral microanatomical features, the sampled taxa were classified into six habitat categories: fossorial, terrestrial and generalist, arboreal, flying, semi-aquatic, aquatic. ANOVAs, ANCOVAs (when a size effect was detected) and phylogenetic ANOVAs (when a phylogenetic effect was detected) and ANCOVAs (when both size and phylogenetic effects were detected) were performed. All analyses were performed using R (R Development Core Team), except phylogenetic ANCOVAs, which required the use of the PDSIMUL and PDANOVA routines implemented in PDAP (Garland et al., 1993) . In the PDSIMUL program, we used Brownian motion as our model for evolutionary change and ran 1000 unbounded simulations to create an empirical null distribution against which the F-value from the original data could be compared.
RESULTS

QUANTITATIVE DATA
The K statistics calculated are all much lower than 1 (0.32 < K < 0.64) except for RMTT (K = 1.05 and 1.09). However, the randomization tests and the random tree generation indicate a significant phylogenetic signal for all parameters.
Linear regressions on the independent contrast data show an impact of size on the parameters TNCL [adjusted R 2 (aR 2 ) = 0.38, P << 0.0001], TNCT (aR 2 = 0.43; P << 0.0001), NTCL (aR 2 = 0.31; P << 0.0001), AMCT (aR 2 = 0.46; P << 0.0001), MTNCP (aR 2 = 0.41; P << 0.0001), RMTT (aR 2 = 0.35; P << 0.0001; negative relationship) and AMTT, but not Cls (aR 2 = -0.01; P = 0.96), Cts (aR 2 = 0.01; P = 0.21), CtsC (aR 2 = 0.03; P = 0.08), SNC (aR 2 = 0.04; P = 0.07) and RMCT (aR 2 = -0.0084; P = 0.52). Moreover, Cts and CtsC are strongly correlated (r = 0.86; P << 0.0001).
The PCA (see Fig. 2 ) shows that the two main axes explain 74.7% of the variance (41.4 and 33.3%, respectively). It notably highlights the peculiarity of squamates among amniotes. Indeed, despite different ecologies, all squamates group together, away from the other amniotes sampled (as highlighted by the green area in Fig. 2A ). This result is in accordance with previous studies on squamate vertebral microanatomy that suggested a peculiar microanatomical organization within this group (Houssaye et al., 2010 . This essentially is related to the variables RMCT, RMTT, Cls and Cts, which quantify the relative thickness of the bone layer surrounding the periphery of the bone and the relative thickness of the trabeculae within the centrum, respectively, and the compactness in longitudinal and transverse sections. This is consistent with the description of a thick peripheral layer in extant squamates, a low number of trabeculae that are thus relatively thick, and the relatively high inner compactness observed (cf. Houssaye et al., 2010 Houssaye et al., , 2013 . Because of this result, which would bias the analysis of the dataset in light of ecology, another PCA was conducted excluding squamates. On the second analysis, the two main axes explain 72.6% of the variance (49.6 and 23.0% respectively; Fig. 2B ).
These two analyses also enable us to determine which variables co-varied. This is, for example, clearly the case for Cls and Cts, which show that, despite the fact that the longitudinal section displays bone of both endochondral and periosteal origin in contrast to the transverse neutral section, which only displays bone of periosteal origin, the compactness seems to vary rather homogeneously within the whole bone. MTNCP and AMCT also vary together. They express the absolute thickness of the bone layers surrounding the neural canal and the centrum periphery, respectively. NTCL, TNCL and TNCT logically combine their action as they all express the tightness of the trabecular network in the spongiosa. Although the various ecologies clearly overlap on the graphs resulting from the PCA, some tendencies are nevertheless clear. Fossorial taxa clearly group together. They are characterized by a relatively low compactness, a low number of relatively thick trabeculae, a rather large neural canal, and the rather low absolute thickness of the bone layers surrounding the neural canal and the centrum periphery. Although they do not group together, all the flying and arboreal taxa are distributed on only one part of the graph, on the same side as the fossorial taxa. They are characterized by similar microanatomical features (see above). Terrestrial and semi-aquatic taxa are distributed rather randomly.
The link between the microanatomical features and ecology was subsequently analysed using ANOVAs and, because of the important impact of size on several variables, ANCOVAs. These analyses were conducted with squamates both included and excluded. Some general trends could be observed based on these analyses (see Table 2 ). Cls appears slightly lower in flying organisms; without squamates, this is the case for both fossorial and flying taxa. Cts appears lower in aquatic taxa, and this result is confirmed when squamates are removed, but with the addition of much lower values for fossorial taxa. Without squamates, CtsC also clearly shows lower values for fossorial taxa (but not for aquatic ones). TNCT and TNCL appear much higher in aquatic taxa, and rather low in fossorial, arboreal and flying taxa (with and without squamates). SNC shows higher values for flying taxa and lower values for aquatic taxa. NTCL shows particularly low values for fossorial, arboreal and flying taxa, and high values for aquatic taxa. AMCT shows lower values for flying taxa; when squamates are removed lower values are also displayed by fossorial taxa. RMCT shows lower values for aquatic forms. MTNCP shows high values for aquatic forms and low values for flying taxa, as well as for fossorial taxa when squamates are removed. AMTT shows lower values for flying and fossorial taxa. RMTT shows much lower values for aquatic taxa and rather high values for fossorial, arboreal and flying taxa.
Beyond these trends, only a few differences in vertebral microanatomical features depending on habitat were revealed to be significant by the analyses of Table 1. (co)variance. An impact of ecology on microanatomical features, when the six habitats were taken into consideration (see Table 3 ), was revealed for (1) Cls, AMCT and RMCT; (2) TNCT and SNC (only with squamates included); and (3) AMTT (only with squamates excluded), and for Cls, RMCT and SNC when the phylogeny was taken into consideration. Based on the general trends observed, the analyses were redone with only three habitat categories: (a) terrestrial and semi-aquatic taxa, (b) arboreal, fossorial and flying taxa, and (c) aquatic forms. These analyses revealed significant differences for (1) Cts and AMTT (when the phylogeny was not taken into consideration), (2) AMCT and (3) RMCT (only when the phylogeny was taken into consideration). The F values obtained for the phylogenetic ANCOVAs and ANOVAs are variably higher or lower than those obtained in the traditional analyses. This shows the occurrence of some phylogenetic signal in the data, but also suggests that it is rather low. Only AMCT shows a significant ecological signal in all analyses, even when the phylogeny is taken into consideration.
QUALITATIVE DATA
A wide range of microanatomical organization is observed within our sample. Differences can thus be highlighted. Because of the peculiarity of squamate vertebrae, the following part only describes the nonsquamate amniotes. Squamate features have been described by Houssaye et al. (2010 Houssaye et al. ( , 2013 .
Variation is observed among terrestrial and generalist taxa, from the general pattern described by Hayashi et al. (2013) , with some taxa showing a thicker cortex and fewer trabeculae (e.g. Felis, Sorex, Philantomba), Emys displaying a particularly thick cortex, and birds showing a rather light structure (notably Phasianus and Meleagris). Some trends are observed for the other habitats (Fig. 3) . Fossorial taxa show a rather 'hollow' structure with a peculiarly low number of trabeculae (Fig. 3A, D) . This is also the case for arboreal and flying taxa (Fig. 3B , C, E, F), except Bradypus and Pteropus, which show a tightness of the spongiosa similar to that of terrestrial taxa. Flying taxa also show a larger neural canal (Fig. 3F) . Semi-aquatic taxa show diverse trends: a tight spongiosa with a rather thick cortex (e.g. in Ursus, Hippopotamus; Fig. 3J ), a lighter structure (with fewer and/or thinner trabeculae and cortical layer; e.g. in Castor, Galemys; Fig. 3G ) and a particularly thick cortex (e.g. in Crocodylus, Aptenodytes; Fig. 3H, K) . Aquatic taxa clearly show a trend towards an increase in the tightness of the spongiosa with no increase in cortical thickness (Fig. 3I, L) , although to a lesser extent in Enhydra, which is the least efficient diver in our sample. In contrast to this general trend, Trichechus displays a strong increase in the thickness of the bone layers surrounding the neural canal and the vertebral periphery (see Hayashi et al., 2013, fig. 12A inside) ; this is consistent with its mode of life as, contrary to the others, Trichechus is a poorly efficient shallow diver characterized by bone mass increase (see Houssaye, 2009 ).
DISCUSSION
SPECIFICITY OF SQUAMATES
As suggested by previous studies (Houssaye et al., 2010; 2013) , squamates display peculiar microanatomical features among amniotes. Differences between the analyses conducted with squamates included or excluded notably highlight the peculiarity of squamate fossorial taxa, which clearly show trends distinct from those of the other fossorial amniotes. Fossorial squamates indeed show a much higher T. An, type of analysis; An, ANOVA; Anc, ANCOVA; P. An, phylogenetic ANOVA; P. Anc, phylogenetic ANCOVA. H, habitat; SQ I, squamates included; SQ E, squamates excluded.
compactness (Cls, Cts and CtsC values), as well as a higher absolute thickness of the layers surrounding the neural canal and the vertebral periphery. These differences are probably due to the fact that fossorial squamates essentially dig with movements of the vertebral column (e.g. Roscito & Rodrigues, 2013) whereas the other amniotes essentially use their legs. As a result, the vertebrae of fossorial squamates need to be relatively compact and resistant to accommodate the transmission of high forces from the animal to the surrounding environment (O'Reilly, Ritter & Carrier, 1997) .
SIZE EFFECT
This study shows clearly that various microanatomical features are correlated with overall body size. The observation of a positive correlation with size for TNCT, TNCL and NTCL and of a negative one for RMTT is not surprising, as it was also suggested in previous studies (e.g. Houssaye et al., 2010; Dumont et al., 2013) that the tightness of the spongiosa increases with specimen size, with trabeculae becoming relatively thinner but more numerous. This study reveals that the absolute thickness of the layers surrounding the neural canal and the bone periphery also increases with size, as does absolute mean trabecular thickness. This last result interestingly shows that, despite the general trend of a relative reduction of trabecular thickness, the absolute trabecular thickness increases with size. Here again, these observations suggest strong structural constraints, depending on overall size, on vertebral microanatomy. 
ECOLOGICAL SIGNAL
Despite the occurrence of only a few significant differences in vertebral microanatomy with ecology (except for AMCT, which showed a significant signal in all the analyses performed), based on the habitats we defined, some trends could clearly be highlighted. Two main tendencies are observed concerning the tightness of the spongiosa: a low number of relatively thick trabeculae (low TNCT, TNCL and NTCL values; high RMTT values) in arboreal, flying and fossorial taxa, versus a high number of relatively thin trabeculae in aquatic forms. Contrary to what is observed in squamates, and in contrast to our original assumption, fossorial amniotes generally show a rather low inner compactness, a trend much stronger than for flying taxa (at least in our sample). Both fossorial and flying taxa are characterized by lower absolute thickness of the layers surrounding the neural canal and bone periphery (MTNCP and AMCT), and absolute thickness of the bone trabeculae (AMTT). It also appears that flying taxa display a larger neural canal, whereas the reverse is observed in aquatic taxa, which also show a lower relative cortical thickness but a relatively thick layer of bone surrounding the neural canal (Table 2) . Unsurprisingly, the semi-aquatic taxa do not group together. Under the name 'semi-aquatic' taxa are grouped animals with very distinct ecologies and with very different functional adaptations. Previous analyses on microanatomical features of some amniote long bones also did not succeed in distinguishing semi-aquatic taxa from terrestrial or aquatic taxa (Germain & Laurin, 2005; Kriloff et al., 2008; Canoville & Laurin, 2010) . As done here they integrated all semi-aquatic taxa into a single ecological category rather than distinguishing them based on their distinct functional requirements.
PHYLOGENETIC SIGNAL
This study has revealed a phylogenetic signal in the microanatomical parameters analysed but also suggests that it is rather weak. This signal probably reflects the fact that only a few lineages adapted to some peculiar ecologies. For example, there are not many lineages of aquatic or flying amniotes, so that many taxa displaying these ecologies were forming groups on the phylogeny.
CONCLUSION
This study demonstrates the great diversity of amniote vertebral microanatomical features and shows that these features reflect structural, phylogenetic and ecological signals. The structural constraint on amniote vertebral microanatomical features is strong and appears mainly to be caused by an adjustment to overall body size. The phylogenetic signal is rather weak. The peculiarity of squamates among amniotes was clearly highlighted in this study. Some trends depending on habitat could clearly be observed, notably rather similar tendencies for fossorial, arboreal and flying taxa, generally opposed to those observed in aquatic forms. However, differences were often not significant in our quantitative analyses. As previously suggested, the same habitat can be shared by taxa with different functional requirements, so that it would probably be much more relevant to distinguish categories based on functional requirements rather than habitat.
